LRFD specifications (1) in 1994, the use of HSC in bridges has increased significantly, and more research information has become available.
The AASHTO LRFD Bridge Design Specifications (1), first published in 1994, include an article (5.4.2.1) limiting the specifications' applicability to maximum concrete strength of 10 ksi (69 MPa), unless physical tests are made to establish the relationship between concrete strength and its other properties. This limitation was imposed because of the lack of research data at the time the specifications were developed. Since then, more information has become available, and higher strength concrete has increasingly been used by structural engineers.
The many design provisions stipulated in the load and resistance factor design (LRFD) specifications (1) are still based on test results obtained from specimens with compressive strengths up to 6 ksi (41 MPa). Although such a strength limit is not explicitly imposed by other codes such as the ACI 318-05 (2), except in its provisions for development length, their applicability to high-strength concrete (HSC) is not fully addressed either. Since the first publication of the cylinders for the 1-day heat-cured, 7-day moist-cured, and continuously moist-cured specimens were 1.05, 1.03, and 1.03, respectively. These ratios indicate that the size effect of cylinders is negligible for HSC.
Elastic Modulus
The elastic modulus was determined using 4 × 8 in. (100 × 200 mm) concrete cylinders, and the collected data were used to calculate the elastic modulus and the Poisson's ratio. Tests results, at ages of 28 and 56 days, indicated that the continuously moist-cured cylinders had the highest values of elastic modulus. This result may be attributed to the moist surface conditions at the time of testing. On the basis of the results obtained in this research combined with test results reported in the literature [more than 4,400 data points ( 
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Modulus of Rupture
The modulus of rupture tests were performed using 6 × 6 × 20 in.
(150 × 150 × 500 mm) beam specimens subjected to four-point loading. Figure 2 shows the test data from all the specimens tested in this program along with the data collected. Two equations for modulus of rupture given in Section 5.4.2.6 of the current LRFD specifications (1) are also shown in the figure. Some of the tests results correspond better to the current upper bound of the LRFD specifications (1). This is mainly because of the curing condition and moisture content of the specimens. Test results suggest that the current lower bound of the LRFD specifications (1) overestimates the modulus of rupture for HSC. A better predictive equation is proposed in Equation 2 for HSC up to 18 ksi (124 MPa).
Poisson's Ratio
On the basis of test results of the concrete cylinders and eccentric bracket specimens tested in this program, combined with other research data in the literature, Poisson's ratio of 0.2 was found to be acceptable for concrete compressive strengths up to 18 ksi (124 MPa).
Creep
Creep tests were performed by using 4 × 12 in. (100 × 300 mm) cylindrical specimens. The test setup is shown in Figure 3 . Two identical cylindrical specimens were stacked and loaded in each creep rack. Two different stress levels equivalent to 0.2 f ′ c A g and 0.4 f ′ c A g were considered in this study, where f ′ c is the target concrete compressive strength and A g is the gross area of concrete. One-day heat-cured specimens were loaded at the end of curing, whereas the 7-day moist-cured specimens were loaded at the 7th, 14th, and 28th days. The creep specimens had companion 4 × 12 in. (100 × 300 mm) cylindrical shrinkage specimens being used to measure the shrinkage strain.
In general, the test results indicate that the creep behavior of HSC is similar to normal-strength concrete (NSC) in which creep rate is reduced by age. The creep behavior of 1-day heat-cured cylinders is less than the 7-day moist-cured cylinders for the same concrete strength. The creep for HSC is proportional to the applied stress provided that the applied stress is less than the proportional limit of the tested concrete.
The relationship specified by the LRFD specifications (1) is found to be an appropriate relationship to predict creep of HSC. However, this relationship contains a time development correction factor (k td ), which produces negative values in the first few days after loading for concrete strengths greater than 15 ksi (103 MPa). Accordingly, the following time development correction factor was developed to overcome the anomaly associated with the current time development correction factor:
where t is the age of concrete after loading in days and f ′ ci is the specified compressive strength at prestress transfer for prestressed members or 80% of the strength at service for nonprestressed members.
Shrinkage
Prism specimens of 3 × 3 × 11 1 ⁄4 in. (75 × 75 × 280 mm) were used to evaluate shrinkage behavior. Tests for 1-day heat-cured specimens were started at the end of the first day, whereas tests for 7-day moist-cured specimens were started at the 7th day.
The test results indicated that there was less shrinkage for heat-cured specimens compared with the moist-cured cylinders. There was a small difference in the shrinkage for HSC specimens with concrete compressive strengths ranging from 10 to 18 ksi (69 and 124 MPa). The test results also indicate that predictions of shrinkage using the LRFD specifications (1) are appropriate provided that the proposed time development factor, Equation 3, is used.
FLEXURAL TESTS
This section summarizes the findings of the tests performed to evaluate the flexural behavior of HSC beams at failure. The experimental program consisted of two types of specimens: (a) specially designed eccentric bracket specimens to study the stress-strain distribution in the compression zone of flexural members and (b) reinforced concrete beams to determine the overall behavior of HSC flexural members including the ultimate compressive strain, cracking moment, and deflection.
Distribution of Compressive Stresses in Compression Zone of Flexural Members
The first phase of the experimental program included twenty-one 9 × 9 × 40 in. (225 × 225 × 1,000 mm) unreinforced HSC eccentric bracket specimens subjected to combined axial load and flexure to evaluate the stress-strain distribution in the compression zone of flexural members. The test concept was based on the method developed by Hognestad et al. (4) to simulate the compression zone of a flexural member. Two axial loads were adjusted during the test to maintain zero strain (which represents the neutral axis of a flexural member) at one face of the specimen and the maximum compressive strain at the opposite face. The main parameter considered in the test program was the concrete compressive strength, which varied from 10.4 to 16 ksi (72 to 110 MPa). The test setup and a typical failure mode of eccentric bracket test are shown in Figure 4 . The following relationship is proposed for the rectangular stress block parameters, α 1 and β 1 , for concrete compressive strengths up to 18 ksi (124 MPa).
Transportation Research Record 2131
The comparisons of the previously mentioned proposed relationships to the test results of this research and other data reported in the literature are shown in Figures 5 and 6 .
Flexural Behavior of HSC Beams
The second phase of the flexural behavior study included testing of 14 beams under flexure loading with concrete strength, reinforcement ratio, size, and shape of the specimen as main parameters. Typical failure of a pure flexure member is given in Figure 7 . The results indicate that using the proposed value of α 1 leads to a more conservative prediction of the nominal moment capacity for all specimens tested in this project.
Deflection
The midspan deflections of the 13 beams tested in this project under four-point bending were compared with the predicted values from the equations specified by the LRFD specifications (1). The comparison indicated that the current LRFD specifications (1) tend to underestimate the measured deflection for nonprestressed HSC beams. However, the discrepancy is within the commonly acknowledged limit. Because data on deflection of reinforced HSC beams are very limited, it is not justifiable to propose any changes to the current equations specified by the LRFD specifications (1) for deflection calculations.
Ultimate Concrete Strain
The ultimate compressive strain of concrete measured from eccentric bracket specimens, eccentrically loaded columns, beams tested under flexure, beams tested under combined axial and flexural loading, and prestressed beams indicated that the currently specified compressive strain limit of 0.003 is considered applicable for the full range of concrete compressive strengths up to 18 ksi (124 MPa).
COMPRESSION MEMBERS
The experimental program consisted of columns subjected to concentric and eccentric loadings as well as flexural members subjected to axial compression load. A total of 32 rectangular and 24 circular columns with concrete strengths ranging from 7.9 to 16.5 ksi (55 to 114 MPa) were tested under monotonically increasing concentric and eccentric loading. The test parameters for concentric loading included concrete strength, specimen size and shape, ratio of longitudinal reinforcement, and amount of transverse reinforcement. For eccentric loading, concrete strength, specimen size, and eccentricity of the applied load were the test parameters. Figure 8 shows different failure modes of a rectangular column with tie reinforcement and a circular column with spiral reinforcement under concentric loading. The nominal axial load carrying capacity of a column at zero eccentricity, P o , can be determined by using the equilibrium equation:
where k c = ratio of the in-place concrete strength to the compressive strength of control cylinder, f ′ c , A g = gross area of the column, f y = yield strength of longitudinal reinforcement, and A s = area of longitudinal reinforcement.
The parameter k c accounts for the size effect, shape, and concrete casting process of column versus standard concrete cylinder. The current value for k c specified by the LRFD specifications (1) for concentrically loaded column is 0.85 for NSC. The data in Figure 9 clearly show a trend that the parameter k c obtained from the concentrically loaded rectangular columns, tested in this project, decreases with increasing concrete strength for concrete strength higher than 10 ksi (69 MPa). Based on the previously mentioned observations the following expression, Equation 7, for the parameter k c is proposed as a revision for the LRFD specifications (1):
The current LRFD specifications (1) require extremely high levels of minimum reinforcement ratios for compression members for concrete compressive strengths greater than 10 ksi (69 MPa). Based on the performed analysis using the proposed equation for E c and the current relationship specified by the LRFD specifications (1), a new relationship was proposed for the minimum reinforcement ratio for compression members, as follows:
where f ′ c = the concrete compressive strength; A ps = the area of prestressing steel; f pu = the specified tensile strength of prestressing steel; A s and f y = the area and yield strength of mild tension steel, respectively; and A g = the gross area of the section.
RESISTANCE TO COMBINED AXIAL AND FLEXURAL LOADING
The behavior of members subjected to the combined axial compressive and flexural loading was investigated using two different types of specimens: (a) four beams tested under a constant axial load and (b) eight columns tested under small eccentricity, as shown in Figure 10 . Measured ultimate strengths of the tested columns and beams in this research are compared with the interaction diagrams constructed using the current LRFD specifications (1), and with the proposed parameters α 1 , β 1 , and k c : these comparisons are shown in Figure 11 .
PRESTRESSED CONCRETE
The study also included an examination of the provisions for prestress loss and transfer length of prestressing strands in such girders. Type II girders were produced in a prestressed concrete plant with three different target concrete compressive strengths: 10, 14, and 12. Test results of eccentrically loaded columns show that using the proposed parameter α 1 produces improved comparison between the predictions and the test results.
13. The maximum tie spacing and the minimum volumetric ratio of spiral required by the LRFD specifications (1) are applicable for reinforced concrete columns with compressive strengths up to 18 ksi (124 MPa).
14. For design purposes, the 20% reduction in the axial load capacity of the tied columns with HSC considering unintentional eccentricity is reasonable and conservative.
15. The proposed modulus of rupture can be adequately used to predict the cracking moment of prestressed HSC girders for concrete strengths up to 18 ksi (124 MPa).
16. The current LRFD specifications (1) can be used to evaluate the transfer length for prestressed HSC girders for concrete strengths up to 18 ksi (124 MPa).
